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Searching for Dark Matter with LZ



Skipping 8 slides

• We think dark matter exists for lots of reasons

• Nothing in the standard model works

• There are lots of theories about what it might be, including WIMPs

• SUSY is a great paradigm for that, but not the only one

• Indirect, direct, collider searches



Direct Detection

• Calculate rate based on assumptions 
about the dark matter distribution 
and interaction

• Historically two interactions are 
considered (by DM experimentalists)

• Spin independent (SI) - couples to 
all nucleons 

• Enhancement for large nuclei

• Spin dependent (SD) - couples to the spin of the nucleus (unpaired 
spin of one nucleon)
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Rate calculation
I The differential cross section (for spin-independent interactions)

in events/kg/keV mass per unit recoil energy is

dR
dQ

=
⇢0

m�
⇥ �0A2

2µ2
p

⇥ F 2(Q)⇥
Z

vm

f (v)
v

dv (3)

I Dark matter density component, from local and galactic
observations with historically a factor of 2 uncertainty

I The unknown particle physics component �0 (where
µp = mpm�/(mp + m�) is the reduced mass of the proton)

I Proportional to A2 for most models

I The nuclear part, approximately given by F 2(Q) / e�Q/Q0 where
Q0 ⇠ 80

A5/3 MeV

I The velocity distribution of dark matter in the galaxy - of order
30% uncertainty (not-statistical), and vm =

p
QmN/2m2

r (here
mr = mNm�/(mN + m�) is the reduced mass of the nucleus)
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The energy scale
• Energy of recoils is tens of keV

• Entirely driven by kinematics, elastic scattering of things with 
approximately similar masses (100 GeV) and v ~ 0.001c 

The energy scale

I Energy of recoils - ⇤ 10 � 100 keV

I Entirely driven by kinematics - elastic scattering of particles with
approximately similar masses (100 GeV) and v ⇤ 0.001c (270
km/s)

1
2

mNv2
N =

1
2
⇥ 100 GeV ⇥ 10�6 = 50 keV (2)
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How do we find it?

• Very low rate process (~events/year)

• Rate depends crucially on WIMP mass and threshold
Enectali Figueroa-Feliciano / Fermilab Seminar / 2013
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• Rate depends crucially on WIMP mass and threshold



• Limited at low mass by detector threshold

• Limited at high mass by density

• Eventually limited by neutrinos
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Experimental searches for dark matter particles 
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  WIMP searches are categorised 
  in main three methods: 
z Hadron collider: using mono-jet 
      and mono-photon signatures. 
z Direct: scattering interactions 
      of WIMPs with nuclei in the 
      detector. 
z Indirect: detection of the final 
      products from WIMP annihilation. 
      Possible target objects are  
      Galactic Center, Milky Way halo, 
      dwarf galaxies, and the Sun and  
      the Earth. 

The method used for this presentation is  
                 indirect detection.  2 

Weakly interacting massive particles (WIMPs) are leading candidates for non-baryonic 
cold dark matter 
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From J. Feng

For a thermal relic, you learn precisely one number, namely the 
annihilation cross section

< �v >ann⇡ 3⇥ 10�26cm3sec�1

⇡ ↵2

(200GeV)2

Coupling proportional to 
mass (e.g. via higgs)
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Higgs exchange 

N. Weiner, CIPANP 2015

“This era will answer the question: does the dark matter couple 
at O(0.1) to the Higgs boson”



SI vs. SD (vs. nuclear physics)

• Spin-independent historically dominates the news because of the 
rate enhancement (x16000 for an atom like xenon)

• True interaction is still unknown
PICO-250L DOE G2 Proposal  
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environment called for it (e.g., to follow up a signal in a large xenon detector). In addition, the use of 
multiple mass targets will be needed to characterize the WIMP mass and velocity distribution in the event 
of a discovery [21][22]. 

 
Figure 2: Comparison of SD-proton vs. SI cross sections for a set of dark matter models, showing the 
complementary and necessary reach of both channels to explore possible parameter space (from [17]). 

 

b)(Description(of(Experimental(Method;(Performance(Requirements(

The(Case(for(Bubble(Chambers(as(Dark(Matter(Detectors(
Throughout this section, we refer to several existing bubble chambers. COUPP-4 is a 2-liter chamber that 
was filled with CF3I at Fermilab and then at SNOLAB, producing excellent physics results [9][10]. 
COUPP-60 has been running with 37 kg of CF3I at SNOLAB since June 2013.  PICO-2L is a 2-liter 
chamber that has replaced COUPP-4 at SNOLAB; commissioned in October 2013, it represents the first 
large-scale bubble chamber to be filled with C3F8 and also the first joint effort of the combined PICO 
collaboration.   

 

The strengths of the bubble chamber technology for dark matter searches can be summarized as follows: 

Electron)recoil)insensitivity)
A principal strength of the bubble chamber technology for a dark matter search application is the 
extraordinary insensitivity (~10-10) to electron recoil backgrounds.  The ability of the bubble chamber to 
attain this large background rejection factor while maintaining high efficiency for detecting nuclear 
recoils arises naturally from the physics of bubble nucleation in a superheated liquid, which requires a 
critical energy deposition within a small volume to nucleate the bubble.  The bubble formation scale and 
energy threshold are classical thermodynamic properties determined by the temperature and pressure of 
the superheated fluid [23][24][25].  These can be adjusted to cleanly discriminate between the nuclear 

oughly scan the parameter spaces, we adopted the
Bayesian method that is the foundation of the Markov
chain Monte Carlo approach. The DM models can have
distinct phenomenological predictions. We showed that the
DM model possibilities can be narrowed by measurements
of both SI and SD elastic scattering. The direct signals for
DM in recoil and neutrino telescope experiments are com-
plementary to LHC experiments in distinguishing the be-
yond the standard model physics scenarios [135].

We summarize below the model predictions for the DM
cross sections; the posterior distributions are summarized
in Fig. 12.

(i) In mSUGRA, the FP region provides the largest SI
and SD cross sections. This is due to the mixed
Higgsino nature of the lightest neutralino; the neu-
tralino couplings to the Higgs and Z bosons are large.
The Bino nature of the lightest neutralino in the CA
and AF regions causes these scenarios to have sub-
stantially smaller cross sections.

(ii) The tadpole nMSSMmodel has large SD scattering,
of order 10!3 pb, and a wide range of SI cross

section. This is a consequence of the DM annihila-
tion occurring through the Z boson. To counter the
small annihilation rate in the early universe (due to
the small neutralino mass in the model), the neu-
tralino pair is required to have a larger Z boson
coupling, resulting in a large SD cross section.

(iii) In the singlet extended SM, the DM candidate is
spin-0, which gives a vanishing SD cross section.
The SI cross section is generally small, below
"10!8 pb, and occurs through Higgs boson ex-
change. If SD scattering of DM is observed, the
class of models with spin-0 DM would be imme-
diately excluded as being the sole origin of the DM
in the Universe.

(iv) For stable Dirac neutrino DM, the Z boson domi-
nates in the calculation of both the relic density and
elastic scattering cross section and makes the SI and
SD cross sections tightly correlated and large.

(v) In mUED, a sweet spot of !SD "Oð10!6Þ pb exists
for which the DM relic density is reproduced. The
relic density is strongly dependent on the curvature
parameter and fixes its value. The KK quarks have
approximately the same mass as the inverse curva-
ture and the SD cross section is thus closely tied to
the relic density. On the other hand, the !SI cross
section is more dispersed due to the larger variation
of the Higgs boson mass.

(vi) In the LHT model, the SD interaction occurs
through T-odd quarks which have a small hyper-
charge. Therefore, the SD cross section in this
model is typically very small. In contrast, the SI
scattering proceeds through the Higgs and T-odd
quarks, giving experimentally accessible SI cross
section values.

We provide a summary of the SI and SD cross sections
by the box and whisker plots in Fig. 13. The boxes repre-
sents the coverage of the middle 50-percentile. We sum-
marize the forecast for observing a signal in neutrino
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So we look for WIMPs

• A billion WIMPs pass through us per second - we might 
expect a handful of counts in a detector per year

• The problem is that background radioactivity is everywhere!



So we look for WIMPs

• A billion WIMPs pass through us per second - we might 
expect a handful of counts in a detector per year

• The problem is that background radioactivity is everywhere!

100 events/second/kg =
3,000,000,000,000 events/year 

in a ton-scale experiment



Backgrounds!



Background sources

• Cosmic rays are constantly streaming through

• All experiments have to go underground to get away 
from cosmic rays

• Radioactive contaminants - rock, radon in air, impurities

• Emphasis on purification, everything must be clean

• The detector itself - steel, glass, detector components

• Discrimination - can you tell signal from background via 
some tag in the event itself?
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Background sources

• Cosmic rays are constantly streaming through

• All experiments have to go underground to get away 
from cosmic rays

• The detector itself - steel, glass, detector components

• Self-shielding to leave a clean inner region

• Discrimination - can you tell signal from background (gamma 
rays, alphas, neutrons, etc)?

• Radioactive contaminants - rock, radon in air, impurities

• Emphasis on purification and shielding
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Background sources

• Cosmic rays are constantly streaming through

• All experiments have to go underground to get away 
from cosmic rays

• Radioactive contaminants - rock, radon in air, impurities

• Emphasis on purification and shielding

• The detector itself - steel, glass, detector components

• Discrimination - can you tell signal from background via 
some tag in the event itself?
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Panda-X and XENON1T recent results
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FIG. 5: The 90% C.L. upper limits for the spin
independent WIMP-nucleon elastic cross sections from
the combined PandaX-II Run 9 and Run 10 data (red),
overlaid with that from PandaX-II 2016 [3] (blue), LUX
2017 [2] (magenta), and XENON1T 2017 [4] (black).
The green band represents the ±1� sensitivity band.
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not apply acoustic or fiducial cuts, resulting in the larger
exposure shown in Table I. Instead, given 99.5 ± 0.1% ef-
ficiency to reconstruct at least one bubble in the bulk for
a multiple-bubble event, every passing event is scanned
for multiplicity. This scan reveals 3 multiple-bubble
events in the WIMP search dataset. Based on a detailed
Monte Carlo simulation, the background from neutrons is
predicted to be 0.25± 0.09 (0.96± 0.34) single(multiple)-
bubble events. PICO-60 was exposed to a 1 mCi 133Ba
source both before and after the WIMP search data,
which, compared against a Geant4 [20] Monte Carlo sim-
ulation, gives a measured nucleation efficiency for elec-
tron recoil events above 3.3 keV of (1.80 ± 0.38)×10−10.
Combining this with a Monte Carlo simulation of the ex-
ternal gamma flux from [15, 21], we predict 0.026 ± 0.007
events due to electron recoils in the WIMP search expo-
sure. The background from coherent scattering of 8B
solar neutrinos is calculated to be 0.055 ± 0.007 events.
The unmasking of the acoustic data, performed after

completion of the WIMP search run, reveals that none of
the 106 single bulk bubbles are consistent with the nu-
clear recoil hypothesis defined by AP and the NN score,
as shown in Fig. 2.
We use the same procedure and calibration data de-

scribed in Ref. [8] to evaluate nucleation efficiency curves
for fluorine and carbon recoils. We adopt the standard
halo parametrization [22], with ρD=0.3 GeV c−2 cm−3,
vesc = 544 km/s, vEarth = 232 km/s, and vo = 220 km/s.
We use the effective field theory treatment and nuclear
form factors described in Refs. [23–26] to determine sensi-
tivity to both spin-dependent and spin-independent dark
matter interactions. For the SI case, we use the M
response of Table 1 in Ref. [23], and for SD interac-
tions, we use the sum of the Σ′ and Σ′′ terms from the
same table. To implement these interactions and form
factors, we use the publicly available dmdd code pack-
age [26, 27]. The calculated limits at the 90% C.L. for
the spin-dependent WIMP-proton and spin-independent
WIMP-nucleon elastic scattering cross-sections, with no
background subtraction, as a function of WIMP mass,
are shown in Fig. 3 and 4. These limits are currently
the world-leading constraints in the WIMP-proton spin-
dependent sector and indicate an improved sensitivity to
the dark matter signal of a factor of 17, compared to
previously reported PICO results.
Constraints on the effective spin-dependent WIMP-

neutron and WIMP-proton couplings an and ap are cal-
culated according to the method proposed in Ref. [28].
The expectation values for the proton and neutron spins
for the 19F nucleus are taken from Ref. [23]. The allowed
region in the an − ap plane is shown for a 50 GeV c−2

WIMP in Fig. 5. We find that PICO-60 C3F8 improves
the constraints on an and ap, in complementarity with
other dark matter search experiments that are more sen-
sitive to the WIMP-neutron coupling.
The LHC has significant sensitivity to dark matter,
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FIG. 3. The 90% C.L. limit on the SD WIMP-proton cross
section from PICO-60 C3F8 plotted in blue, along with lim-
its from PICO-60 CF3I (red) [10], PICO-2L (purple) [9],
PICASSO (green) [14], SIMPLE (orange) [33], PandaX-II
(cyan) [34], IceCube (dashed and dotted pink) [35], and Su-
perK (dashed and dotted black) [36, 37]. The indirect limits
from IceCube and SuperK assume annihilation to τ leptons
(dashed) and b quarks (dotted). The purple region represents
parameter space of the constrained minimal supersymmetric
model of [38]. Additional limits, not shown for clarity, are set
by LUX [39] and XENON100 [40] (comparable to PandaX-II)
and by ANTARES [41, 42] (comparable to IceCube).
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FIG. 4. The 90% C.L. limit on the SI WIMP-nucleon
cross-section from PICO-60 C3F8 plotted in blue, along
with limits from PICO-60 CF3I (red) [10], PICO-2L (pur-
ple) [9], LUX (yellow) [43], PandaX-II (cyan) [44], CRESST-
II (magenta) [45], and CDMS-lite (black) [46]. While we
choose to highlight this result, LUX sets the strongest lim-
its on WIMP masses greater than 6 GeV/c2. Additional
limits, not shown for clarity, are set by PICASSO [14],
XENON100 [40], DarkSide-50 [47], SuperCDMS [48], CDMS-
II [49], and Edelweiss-III [50].

(with my old hat on) - PICO in SD space



LXe as Dark Matter Target

Problem Solution Liquid Xenon

Extremely rare Large mass Very dense - 3 tonnes 
in 1 m3

Energy depositions of 
~10 keV or below

Low energy 
thresholds

~60-70 electrons + 
photons / keV

Backgrounds -  
Impurities Purification Noble gases are 

(mostly) easy to purify

Backgrounds -  
Detector Self shielding Low MFP for ionizing 

radiation
Backgrounds - 

Internal/Detector Discrimination Charge to light ratio 
gives particle ID



Two phase Xenon Detectors

• Interaction in the xenon 
creates:

• Scintillation light (~10 ns) 
- called S1

• ionization electrons

• Electrons drift through 
electric field to liquid/gas 
surface

• Extracted into gas and 
accelerated creating 
proportional scintillation 
light - called S2



Two phase Xenon Detectors

• Excellent 3D reconstruction 
(~mm)

• Z position from S1-S2 
timing

• XY position from hit 
pattern of S2 light

• Allows for self shielding, 
rejection of edge events

• Ratio of charge (S2) to light 
(S1) gives particle ID

• Better than 99.5% 
rejection of electron 
recoil events



Self shielding is powerful

WIMP	scattering



Self shielding is powerful

~MeV 
gamma

~keV energy
deposit

Must cross full 
volume without 

interacting



Some LXe physics

Slide C. Ghag  !  University College London  !  24 April 2014

Principle of detection: dual phase xenon TPC

22

Chapter 4. The ZEPLIN–III Experiment

Figure 4.7: Flowchart of the two processes creating a primary scintillation signal in
an elastic recoil in liquid xenon. In the primary interaction both excited and ionised
Xe atoms are created. The two branches produce, in their final stages, excited dimer
states responsible for the typical scintillation light of the noble gas (� = 178 nm).
Transparency of the medium to its own scintillation light, i.e. the energy of the emitted
photons is less than the energy di↵erence between the ground state (of the two separated
atoms) and the first atomic excited state, ensures good light collection.

regions without the need for any physical barriers. Comprehensive overviews of the

properties of liquid xenon and its utilisation in noble gas detectors are given in Refs. [72,

83].

4.2.1 The primary scintillation signal

The scintillation light produced in a particle interaction within the liquid xenon is

attributed to two separate processes involving excited atoms and ions. A flow chart of

the individual processes, both resulting in the production of VUV scintillation photons

and their interconnection, is shown in Fig. 4.7 [126, 127].

Firstly, direct excitation takes place resulting in excitation luminescence by the

de-excitation of singlet and triplet states of the created excimer Xe⇤2, see Eq. (4.3).

The transition of the excited states occurs at short interatomic distance, where the

ground state potential is repulsive and the molecule becomes dissociated. The two

possible de-excitations from the lowest electronic excited states are quite di↵erent in

their characteristic decay time due to the forbidden direct transition of the triplet to

the ground state. The latter becomes possible through spin-orbital coupling and the

52

✤ Primary scintillation (S1) and secondary ionization  
signal from electroluminescence (S2)!

✤ 3D position (mm resolution)!

✤ S2/S1 particle discrimination!

✤ Recoil energy correlated to S1 and S2!

✤ Powerful Xe self-shielding

E. Aprile et al., Phys. Rev. Lett. 97, 081302 (2006)
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Figure 6.3: Example nuclear recoil tracks at 2, 5, 10, 20, 50, and 100 keVr, simulated using RIVAL.
Each blue dot is one xenon ion, and the red X marks the location of the initial recoil. All of these
tracks are much smaller than the box sizes found in Section 6.4.

We then take the initial condition

N0 =
Ni
∑

k=1

{

1
8a3 |x − xk|, |y − yk|, |z − zk| < a

0 otherwise
, (6.19)

where {xk, yk, zk} are the locations of the ions in the track as given by the recoil simulations. Note

that in the original Thomas-Imel condition a determines the total size of the track, but for us the

track geometry is given in the spatial distribution of ions and a is the smearing applied at each

ion. This construction is the simplest way to include the Monte Carlo tracks in the recombination
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Figure 6.1: Example electron recoil tracks at 4, 10, 20, and 40 keVee, simulated using Penelope.
Each blue dot is one xenon ion, and the red X marks the location of the initial recoil. The boxes
correspond to the box sizes (a) in our recombination model, as listed in Table 6.2.

6.3.2 Nuclear recoil track Monte Carlo

For nuclear recoils, the Monte Carlo program SRIM/TRIM [88] creates cascades of recoils using

the universal nuclear scattering cross sections given by Ziegler [99]. Although this program does

keep track of energy lost via electronic channels, it is difficult to extract this information from the

output available to the user. We therefore create a Monte Carlo to suit our purposes, dubbed

RIVAL (Recoiling Ions in Various Atomic Liquids). This program also generates nuclear recoil

tracks, following the primary and daughter recoils down to a set energy threshold and keeping track

of energy lost via low-energy nuclear collisions and electronic stopping along the way. It turns out

that the details of the nuclear recoil simulation are unimportant in our recombination model, but

see Appendix C for a complete description of the Monte Carlo.

Sample nuclear recoil tracks are shown in Fig. 6.3. As with electron recoils, hard scatters give the

track a tree-like structure. Since stopping power in nuclear recoils decreases as energy is lost, such

branches have the opposite effect on ionization density as in electron recoils — every branch ends

in a sparse scattering of ions. Figure 6.2 shows the rms radii of nuclear recoil tracks as a function

108

Note 
scales

40 keV
ER

100 keV
NR

C. Dahl, PhD Thesis

• Significant difference 
between ER and NR tracks

• ER lead to more signal than 
NR

• More NR energy goes 
into heat and is lost

• Lindhard factor, Leff, 
Quenching factor 

• Two energy scales keVee 
and keVnr

• Leads to different behavior 
with field

• Also leads to ER/NR 
discrimination



Some LXe physics (h.t. Eric Dahl)

40 keV
ER

100 keV
NR

C. Dahl, PhD Thesis

• General thinking (including my own unless I’m being careful about it) is 
that ER/NR discrimination depends mainly on track density

• This is not true for LXe! and in fact, LXe would not be nearly as 
powerful if that were the caseThe	xenon	swoosh	

•  dE/dx	(ionizaPon	density)	for	ER’s	increases	
as	energy	decreases	

•  So	it	was	a	complete	surprise	when	S2/S1	turned	
around	at	10	keVee…	

Nucl.	Instrum.	Meth.	A	579:451-453,	2007	

17	Dahl,	LZ	MDC1	Kickoff	

Xenon swoosh!



Requires calibration

• LUX has really done great work here

• Kr-83m - Over 1e6 events spread uniformly throughout detector

Fiducial volume determination Position-based S1 corrections



Requires calibration

• LUX has really done great work here

• Tritiated methane (CH3T) - to measure low energy ER band

Low energy ER Measured in both light and charge
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Requires calibration

• LUX has really done great work here

• DD neutron generator to measure 
NR yields

4

tion [22]) were created via a simultaneous fit to all
Qy, Ly, and nuclear recoil band results reported in
this article. These new NEST models are described in
Sec. VII.

The results presented in this paper used several
simulation frameworks to produce targeted results as
appropriate for each section. The Monte Carlo setup
used for each section is described in the text.

II. EXPERIMENTAL SETUP

The experimental setup at the TPC is shown in Fig. 1.
Neutrons produced by the D-D source are introduced into
the TPC via an air-filled conduit spanning the LUX water
tank as described in Sec. II B. A convenient coordinate
system used for the subsequent nuclear recoil calibration
analysis is defined here. The orientation of the Cartesian
coordinates x

0, y

0, z

0 are defined by the neutron beam
pipe axis. The neutron beam spans a geometrical chord
that is o↵set from the TPC diameter. The coordinate y

0

is along the beam pipe direction with zero at the point
where the beam enters the liquid xenon active region.
The coordinate x

0 is transverse to the beam pipe axis in
the horizontal plane. The x

0 and y

0 coordinates defined
by the beam direction di↵er from the more traditional x

and y coordinates, which are centered in the middle of
the TPC, by the translation and rotation defined by


x

0

y

0

�
=


cos ✓

rot

� sin ✓

rot

sin ✓

rot

cos ✓

rot

� 
x � 7.1 cm
y + 23.0 cm

�
, (4)

where ✓

rot

= �5.1�. The coordinate z

0 is perpendicular
to the beam pipe axis in the vertical plane. It is nearly
identical to the traditional z (ionization drift) coordinate
indicating the distance from the liquid surface. The
neutron beam entry point into the liquid xenon volume
is 0.9 cm above the exit point. This corresponds to an
angle of ⇠1� with respect to the liquid xenon surface.1

A distance of 47.4 cm along y

0 separates the entry and
exit points of the neutron beam in the liquid xenon.

This notation is further used in this paper such that
S2[y0

1

] and S2[y0
2

] represent the S2 signal size from the
first and second neutron-xenon scattering sites in the y

0

direction along the beam line, respectively. The z vs. y

0

distribution of single-scatter events is shown in Fig. 2.
We use the coordinate r, which is the radial coordinate

in the cylindrical coordinate system coaxial with the
monolithic liquid xenon target.

1 The small angle of the neutron conduit with respect to the liquid
xenon surface was due to the precision of the neutron conduit
leveling process.
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FIG. 1. Conceptual diagram of the LUX D-D calibration
experimental setup. The LUX TPC is in the center of the
8 m diameter, 6 m tall water shield. The LUX cryostat
boundary is depicted as the thick gray line around the TPC.
The TPC active region has a diameter of 47 cm and a height
of 48 cm [2]. The mono-energetic 2.45 MeV neutrons are
collimated through an air-filled conduit spanning the distance
from the water tank wall to the LUX detector cryostat. The x0

coordinate is coming out of the paper, and the y0 coordinate is
in line with the beam. This figure illustrates a potential event
used for the Qy analysis: a neutron (red dotted line) enters
the active liquid xenon volume, scatters twice, and then leaves
the target media. The resulting time-integrated hit pattern is
shown on the PMT arrays. The bottom frame shows an event
record of this neutron interaction sequence (for illustration
only). The PMT hit pattern provides (x, y) information, while
the electron drift time to the liquid surface provides precise
reconstruction of the z position of each neutron interaction.

A. LUX detector operating parameters

The nuclear recoil calibration program using a D-D
neutron generator discussed in this paper was performed
at the end of the 2013 LUX WIMP search run
using the same detector operational state, including
identical DAQ/trigger conditions and frequent 83mKr-
based calibrations for position-dependent S1 and S2
signal corrections [3]. As in Ref. [3], the event window
extends ±500 µs around the trigger signal generated by
the hardware trigger. For S2 signals produced by nuclear

5

recoils in the beam line, the mean electron lifetime
correction was 1.16⇥S2 and the average (x, y) correction
was 0.96 ⇥ S2. For S1 signals produced by nuclear
recoils in the beam line, the mean (x, y, z) position
correction was 1.06 ⇥ S1. Data were corrected for any
time variation between their direct measurement during
the WIMP search period and the later D-D calibration
period using the variation in 83mKr S1 and S2 peak
positions. The single electron (SE) distribution was
measured to have a mean value of 23.77 ± 0.01 phd
during the D-D measurements with a standard deviation
of 5.75 ± 0.01 phd. The electron extraction e�ciency
during the D-D calibration period was 0.48 ± 0.04. The
average electron drift velocity was measured to be 1.51±
0.01 mm/µs corresponding to a 324 µs maximum drift
time [2].

The systematic uncertainty in S1 and S2 due to time
variation in the three-dimensional (3D) position-based
corrections using 83mKr was determined to be 0.6% and
2.5%, respectively. A small radial drift field component
alters the path of drifting electrons in the liquid xenon,
with a maximum inward radial deflection of 4.6 cm for
electrons originating at the bottom of the TPC [3]. The
magnitude of this radial component is smaller near the
liquid surface where the neutron beam is positioned.
The reconstructed event position is corrected to account
for this e↵ect. The systematic uncertainty in S1 and
S2 from the 83mKr-based corrections due to these non-
uniformities in the drift field was determined to be a bias
of 0.5% in S1 and 2.5% in S2.

B. The neutron beam

An Adelphi Technology, Inc. DD108 neutron generator
was used as the mono-energetic neutron source. The
neutron generator was operated externally to the LUX
water tank shield. Neutrons were introduced into
the LUX detector via a narrow air-filled pipe, which
displaced water producing a collimation path. The
sealed, air-filled 4.9 cm inner-diameter (ID), 6.0 cm
outer-diameter (OD) polyvinyl chloride (PVC) conduit
was suspended by stainless steel wire rope from the top
of the 6 m tall LUX water tank. The neutron conduit is
377 cm in length, spanning the horizontal distance from
the outer water tank wall to the outer surface of the LUX
cryostat. The sum of the water gaps at the two ends of
the conduit is 6 cm. During the nuclear recoil calibration
campaign, the center of the neutron conduit was raised
to be 16.1 cm below the liquid xenon surface in the
TPC and leveled to 1� with respect to the liquid surface
as shown in Fig. 2. This z position of the beam was
chosen to provide a short distance to the liquid surface in
order to increase the fraction of low-multiplicity neutron
scatters in the dataset. The observed profile of single-
scatter neutron events was used to define the direction
of the neutron beam through the TPC. The shape of the
observed beam profile is consistent with the expectation

from the solid angle presented by the neutron calibration
conduit. The source of neutron production inside the
neutron generator was positioned 46±2 cm outside of the
LUX water tank in line with the neutron conduit during
the calibration. The neutron conduit was stored out of
line with the TPC during the WIMP search campaign.
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FIG. 2. The z (drift time) vs. y0 distribution of single-scatter
events passing all nuclear recoil area selection and data quality
cuts. The neutron beam pipe is aligned outside of the plot
to the left in line with the beam at a drift time of 107 µs. A
position cut was used to select scatters in a 10 cm wide slide in
x

0 around the projection of the neutron beam into the liquid
xenon. This plot contains the full 107.2 live-hours of 2013 D-D
data. The shine due to neutrons scattering in passive detector
materials can be seen localized where the beam enters the
liquid xenon. The black dashed line shows the approximate
location of the neutron beam energy purity cuts. The neutron
shine near the beam entry point is asymmetric in this plot due
to the event selection criteria; only single-scatter events are
accepted for this plot and the 12.6 cm total mean free path
for neutrons makes it more probable for a neutron to exit out
of the top of the xenon volume than the bottom.

The energy spectrum of the specific DD108 hardware
was characterized at Brown University prior to use in
the LUX calibration [18].2 The mean neutron energy
was measured to be 2.40 ± 0.06 MeV, consistent with
the expected 2.45 MeV. The expected mean neutron
energy of 2.45 MeV was used for the LUX nuclear recoil
signal yield data analysis with an associated uncertainty
of 2%. For the LUX calibration, the DD108 source was
operated at 5% duty cycle using 100 µs neutron pulses
at a 500 Hz repetition rate. An incident neutron flux of
78 ± 8 n cm�2 s�1 was measured on the exterior of the
water tank near the entrance to the calibration conduit

2 The LUX calibration used an identical shielding structure
and source configuration defined as “Target Orientation A” in
Ref. [18].



Requires calibration

• LUX has really done great work here

• DD neutron generator to measure 
NR yields
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the detection of the combined S1 signal. A requirement
was imposed that S2[y0

2

] > 225 phd. This minimum
cut on S2[y0

2

] ensured a 90% e�ciency for detecting
the combined S1 for double-scatter events due to the
S1 contribution from the second scatter alone. This
cut accepts > 70% of underlying double-scatter nuclear
recoils before other cuts are applied and has a constant
e�ciency as a function of the energy deposited by the
first neutron scatter.

For double-scatter events with both interaction sites
within the projection of the neutron conduit, there can
be ambiguity as to which interaction occurred first. A
cut on S2[y0

2

] < 1500 phd was e↵ective in removing
events in which a first scatter with ✓ ⇠ 180 degrees is
followed by a second scatter in the cylinder of the beam
at smaller y

0. Monte Carlo studies demonstrated that
this cut accepts 89% of good candidate D-D neutron
forward-scatter events while rejecting 95% of potential
events where the interactions may have been incorrectly
ordered by the analysis.

The JENDL-4 nuclear database was used to calculate
the e�ciencies presented in this section [34].
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FIG. 3. The gray points represent the measured ionization
signal for each of the 1031 events remaining after all cuts in
the double-scatter dataset. The gold crosses illustrate the
estimated error associated with the most precisely measured
individual events, both in ionization signal (y error) and
reconstructed energy (x error). The measured ionization
signal for each bin is represented by the blue crosses. As
discussed in Sec. III B, the mean recoil energy of the event
population in each bin, represented by the location of the
blue crosses on the horizontal axis, has been corrected for
Eddington bias. The red error bars at the bottom of the
plot represent the systematic uncertainty associated with this
Eddington bias correction.

D. Data analysis

The per-event ionization signal is defined as the
number of electrons ne escaping recombination with
ions at the interaction site. The ionization signal was
determined for each event by dividing the position-
corrected S2[y0

1

] by the electron extraction e�ciency and
by the measured single electron size. The uncertainty
on the single electron size is subdominant (⌧1%) to
other uncertainties in the Qy analysis. The 1031 events
remaining after the application of all cuts are shown as
gray points in Fig. 3. These events were divided into
eleven keV

nr

bins. The two lowest-energy bins span
the regions from 0.3–0.65 keV

nr

and 0.65–1.0 keV
nr

,
respectively. The remaining nine bins are logarithmically
spaced from 1–30 keV

nr

. Histograms of the measured
distribution of electrons escaping the interaction site for
each bin are shown in Fig. 4.

In order to determine the energy dependence of the
charge yield, the analysis took full account of the sta-
tistical fluctuations associated with the ionization signal
measurement, and the influence of the S2 threshold.
Given an input mean number of ionization electrons that
escape recombination, a Monte Carlo based model was
used to generate the expected probability distribution of
the number of reconstructed electrons at the interaction
site. The model is composed of an underlying Poisson
distribution convolved with a Gaussian to account for
the observed resolution of the ionization distribution.
Detector-specific e↵ects including SE size and S2
threshold are included in the model. Liquid xenon purity
and electron extraction e�ciency e↵ects were applied
binomially to the modeled number of ionization electrons
to determine the distribution of observed electrons in the
xenon gas.

The most significant contribution to the resolution
of the ionization distribution is Eddington bias. This
arises from uncertainty in reconstructed energy due to
the position reconstruction e↵ects described in Sec. IIIA.
The expected ionization resolution after Eddington bias
e↵ects were addressed was confirmed to have an energy
dependence /1/

p
E

nr

via simulation [17]. The resolution
in the model, set using the variance of the Gaussian
convolution, was determined by fitting the signal model
to the seven highest-energy Qy bins where S2 threshold
e↵ects are minimal as shown in Fig. 4. The a/

p
E

nr

dependence was fit to the measured ionization resolution
for these seven bins as shown in Fig. 5. The value of the
parameter a±�a was measured to be 0.64±0.06

p
keV

nr

.
The mean of the signal model distribution was an
unconstrained nuisance parameter during this maximum-
likelihood fit to extract the resolution. The resulting
additional uncertainty from this nuisance parameter is
reflected in the reported error bars.

After determining the nuclear recoil energy dependence
of the ionization signal resolution, the final signal
model was fit to each bin. The resulting ionization
signal distribution and best-fit model for each bin is



Leads to background rejection

Grey contours indicate lines of constant energy
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2017 [2] (magenta), and XENON1T 2017 [4] (black).
The green band represents the ±1� sensitivity band.
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More mass!
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LZ	=	LUX	+	ZEPLIN
38	Institutions,	217	People

Nelson	- Collaboration CD3	IPR	at	LBNL	- January	10-12,	2017



Scale	Up	≈50	in	Fiducial Mass

9

LUX

LZ
Total	mass	– 10	T
WIMP	Active	Mass	– 7	T
WIMP	Fiducial Mass	– 5.6	T

Nelson	- Collaboration CD3	IPR	at	LBNL	- January	10-12,	2017



Sanford	Underground	Research	Facility

Davis	Cavern	1480	m	

(4200	mwe)

LUX	Water	Tank

10

LZ	Here

Nelson	- Collaboration CD3	IPR	at	LBNL	- January	10-12,	2017



7 ton 
LXe TPC

Xe heat
exchanger

Water
tank

Gd-loaded
liquid scint.

Cathode
HV 

feedthrough Neutron beam pipe



LZ design notes

• More mass (x50 more than LUX, x6 more than 
Xenon1T design)

• 494 3” PMTs on TPC

• Significant HV/grid engineering (no xenon experiment 
has achieved HV goals so far) 

• Requirement: 50 kV        Goal: 100 kV

• Sophisticated veto system - maximizes fiducial volume

• LXe “skin” - 93 1” PMTs + 38 2” PMTs

• 120 outer detector PMTs

• Radioactivity, radioactivity, radioactivity!



System test at SLAC

LZ Collaboration Call December 19, 2016

System Test at SLAC

• Platform 
– Thermosyphon cryogenics - LZ like 
– LZ slow control: PLC and Ignition 

• Phase I:  
– Scaled prototype TPC, with full LZ fields 
– HV testing: 

•Can requirement/goal voltages be 
reached and held without sparking/
tripping the power supply? 

• Look for small amounts of light 
and charge emission from the 
grids that impact backgrounds 

– Prototype purification tower 
– LZ compressor based circulation

3LZ Collaboration Call December 19, 2016
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tripping the power supply? 
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– LZ compressor based circulation

3

• Main test platform for LZ

• Same cryogenics/control

• Phase 1 (ongoing)

• Full LZ fields in scaled 
prototype TPC

• Can HV be achieved 
with sparking or light 
emission?

• Prototype circulation

• LZ architecture and 
compressor

• Phase II will test grids



HV tests at SLAC

• HV of 20% above requirement has been achieved 
for cathode and extraction region!

• Next step is to achieve goals

LZ Collaboration Call December 19, 2016

Cathode Long Term Stability is Good

6



Circulation tests at SLAC

• Liquid meant to flow over a weir into a transfer line to 
an external heat exchanger and out to gas loop

LZ Collaboration Call December 19, 2016

Circulation in Phase I 

• Liquid did not flow over the weir 
under  gravity as expected 

• Vapor lock can be solved with 
drain line cooling 
– To be tested in Run 6, working 

with WBS 1.4 
• Affects LZ too, a good reason for 

circulation tests 
• Impacts upon HV testing: 

– Limited time with extraction 
field on, and most often 
without circulation 

– Relatively poor control of liquid 
level with thermodynamic 
controls 

– Lack of longevity testing, lack 
of test repetitions

4

Xenon path

Liquid level

Drain 
 line



Circulation tests at SLAC

• Initial runs did not achieve 
stable liquid level

• Bad for S2 resolution

• Boiling in the transfer line

• Added active cooling to 
drain line

• Gas vent to drain line
17

Reservoir LXe level

• This has been the typical circulation state since initial system test operations one year ago.
• Sequence:

• TPC over-fills by many centimeters. Weir is flooded. Detector level sensor maxes out.
• Apparently gravity is not able to push liquid through the weir drain line in this state.

• After ~15 minutes, the drain line begins to operate correctly. TPC drains to the weir level over the next ~50 
minutes. 

• After sitting at the weir level for ~5 minutes, TPC over-fills again.
• Repeat every ~70 minutes.

4 hours

Oscillating circulation:
TPC weir floods & drains about once per hour

Detector level 
sensor maxed 

out

Detector 
LXe level
at the weir

~ 2.1 cm

SLAC system test results CD3 IPR, Jan. 10-12, 2017



Circulation tests at SLAC

Success!

17

Reservoir LXe level

• This has been the typical circulation state since initial system test operations one year ago.
• Sequence:

• TPC over-fills by many centimeters. Weir is flooded. Detector level sensor maxes out.
• Apparently gravity is not able to push liquid through the weir drain line in this state.

• After ~15 minutes, the drain line begins to operate correctly. TPC drains to the weir level over the next ~50 
minutes. 

• After sitting at the weir level for ~5 minutes, TPC over-fills again.
• Repeat every ~70 minutes.

4 hours

Oscillating circulation:
TPC weir floods & drains about once per hour

Detector level 
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out

Detector 
LXe level
at the weir

~ 2.1 cm

SLAC system test results CD3 IPR, Jan. 10-12, 2017

  

Pressures and Weir Level

• Initial runs did not achieve 
stable liquid level

• Bad for S2 resolution

• Boiling in the transfer line

• Added active cooling to 
drain line

• Gas vent to drain line



LXe Tower
• To achieve electronegative impurity (<0.4 ppb of O2 equivalent), 

recirculate at 500 slpm through a getter

• 11 kW to condense at that rate

• 1 kW of power available underground

• Efficient heat exchanger in the LXe Tower

• FNAL deliverable



Background suppression by screening

• Every component is screened and 
simulated for radioactivity

• E.g. cryostat made of the most 
radiopure titanium in the world: 
sub pub levels of U,Th, < 0.05 
counts in 1000 days after cuts 

• Similar campaign working with 
Hamamatsu on PMTs 

• Backed up by QA during production



Background suppression by screening

• Weld samples of Ti screened in March - 100x hotter than raw 
materials

• Fabrication halted, massive screening campaign started

• Manufacturer used the wrong weld tip - the color code on 
one provided by supplier was missing

• Caught in time

Welding screening campaign 

P. Majewski – 1.2 Cryostat LZ collaboration meeting, SURF, July 17-20, 2017 4

In March 2017 four segments of 
Ti welded sample:

• 7 mm plate in the centre 

• Automatic TIG weld on both sides 

• Ti 1.6 mm welding wire

Full sample etched prior to the screening at LBNL.

Th level found 100x higher than in the initial slab from TIMET (Merlin). 

P. Majewski – 1.2 Cryostat LZ collaboration meeting, SURF, July 17-20, 2017 6

Screening 
(sample & stock material)



Background suppression by veto

Xe TPC only

• Two component outer detector

• Gd-loaded liquid scintillator

• instrumented skin

Xe TPC+skin TPC+skin+OD

Fiducial
mass: 3.3 T

Fiducial
mass: 4.2 T

Fiducial
mass: 5.6 T



• Two component outer detector

• Gd-loaded liquid scintillator

• instrumented skin

Xe TPC only Xe TPC+skin TPC+skin+OD

Fiducial
mass: 3.3 T

Fiducial
mass: 4.2 T

Fiducial
mass: 5.6 T

With veto, detector components are
a subdominant background!

Background suppression by veto



Internal backgrounds
• Radon, Krypton, Argon

• Distributed throughout the liquid volume

• ER backgrounds (can discriminate, thankfully)

• Radon requirement (goal) of 20(1) mBq

Cross Calibration of Systems

• EXO Canadian collaborator J. Farine
shared a rubber sample with UA to cross-
calibrate the radon emanation system.
– 61 x 7.7 x 0.3 cm, 17.73 g

• UA initial calibration found RUA/REXO = 
0.83 ± 0.15 (stat) ± 0.08 (syst).

• UA#2: 0.85 ± 0.19 (stat) ± 0.08 (syst).
• SDSM&T: 0.89 ± 0.12 (stat) ± 0.15 (syst).
• UMD#1: 1.06 ± 0.07 (stat) ± 0.17 (syst).
• UMD#2: 1.19 ± 0.09 (stat) ± 0.19 (syst). 8

• Each system already calibrated with radon source
• Plans to cross-calibrate all systems with at least two samples (blind)

– One higher rate to calibrate efficiency w/o interference from backgrounds
– One lower rate to check understanding of backgrounds (thoriated rods)

EXO sample inside UA 
emanation chamber

Miller - 1.10.2 - Radon

PTFE

• Material Availability:
• 20 m^2 (24%): counted
• Screenings need to be 

done by summer 2017

25

PMT HV Feedthroughs

26

• Measured 112 ± 35 atoms vs 46 ± 22 atoms from 
blank, from 5 PMT HV feedthroughs
- Implies the 122 HV flanges in LZ emanate 

~10 mBq. 
- ~Half emanates onto air side, other half is 

90% removed by gas mitigation system, so 
adds ~0.5 mBq.

- Above democratic requirement (0.1 mBq) 
and original estimate (0.3 mBq)

• Mitigations:
- First try cleaning to remove any surface 

contaminants, double number to assay, then 
re-assay (must be done by 2017)

- Possibility of a polyethylene or epoxy plug to 
prevent some Rn from entering Xe

• 100% flange assemblies to be done June 2018
• Tests in progress with LUX flanges/feed-thrus

Miller - 1.10.2 - Radon

Cryostat Seal

27

• Helicoflex Seal
- Has only Al in contact with Xe
- 350 cm2

• Assayed July 2016 UA but hot
- Measurement indicates 0.6 ± 0.4 mBq in LZ

• Seal measurement likely dominated by
spring not in contact with Xe
- Measurement of 5000 cm^2 Al in 

December 2016
- Indicates < 0.035 mBq contribution

in LZ (complete analysis forthcoming)

Miller - 1.10.2 - Radon

Cryogenic Valves

36

• Three cryogenic valves to 
control LXe flow.

• Exact make and model not yet 
identified.

• All-metal bellows sealed. 
• Disassemble to clean.
• Radon emanation of similar 

valves reported in Zuzel and 
Simgen Applied Radiation and 
Isotopes 67 (2009) 889–893. 
Values range from 55 muBq
(acceptable) to  2.2 mBq (too 
high).

• Identify valve candidate this 
spring and screen later this 
year. Example cryogenic valve from WEKA.

36

Determination of Rn Emanation by HPGe
Assay

• Method: Vent sample to create disequilibrium 
between Radon daughters and 226Radium, seal 
sample, and count on HPGe detector. Works well 
for rocks, soils, etc.

• Sample: 14 samples, extracted from 
underground cleanroom HEPA vacuum monthly, 
combined together Total Mass ~400 grams

• WARM  Result: 222Rn emanation ~ 12±3%

** this is for macro-sample. We will ‘process’ it 
later to remove hair, M&M’s, sunflower seeds, and 
other junk  and repeat the test with just the fines 
so that some of the activities can be normalized to 
mass more accurately.

45Miller - 1.10.2 - Radon

Radon emanation measurements

Dust is a killer!



Internal backgrounds
Determination of Rn Emanation by HPGe

Assay

• Method: Vent sample to create disequilibrium 
between Radon daughters and 226Radium, seal 
sample, and count on HPGe detector. Works well 
for rocks, soils, etc.

• Sample: 14 samples, extracted from 
underground cleanroom HEPA vacuum monthly, 
combined together Total Mass ~400 grams

• WARM  Result: 222Rn emanation ~ 12±3%

** this is for macro-sample. We will ‘process’ it 
later to remove hair, M&M’s, sunflower seeds, and 
other junk  and repeat the test with just the fines 
so that some of the activities can be normalized to 
mass more accurately.

45Miller - 1.10.2 - Radon

Dust is a killer!

• Contributes half our radon budget

• Emanation measurements of  
“clean room dust”

• Requirement of <500 ng/cm2 of 
dust in LZ

• Goal of 5 ng/cm2

• SNO achieved 20 ng/cm2, 
BOREXINO 1 ng/cm2

• 1 gram total!

• Cleanliness protocols, witness plate 
protocols, packaging protocols
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Background Estimates 
Intrinsic Contamination Backgrounds Mass (kg) Composite U early 

(mBq/kg)
U late 

(mBq/kg)
Th early 
(mBq/kg)

Th late 
(mBq/kg)

Co60 
(mBq/kg)

K40 
(mBq/kg)

n/yr (inc. 
S.F. rej.) ER (cts) NR (cts) (w/ 

SF rej.)
Upper PMT Structure 40.5 Y 3.90 0.23 0.49 0.38 0.00 1.46 2.53 0.05 0.000
Lower PMT Structure 69.9 Y 2.40 0.13 0.30 0.24 0.00 0.91 6.06 0.05 0.001

R11410 3" PMTs 91.9 Y 71.63 3.20 3.12 2.99 2.82 15.41 81.83 1.46 0.013
R11410 PMT Bases * 2.8 Y 287.74 75.80 28.36 27.93 1.43 69.39 34.65 0.36 0.004

R8778 2" PMTs 6.1 Y 137.50 59.38 16.88 16.88 16.25 412.50 52.80 0.13 0.008
R8520 Skin 1" PMTs 2.2 Y 60.50 5.19 4.75 4.75 24.20 332.76 4.60 0.02 0.001

R8520 Skin PMT Bases * 0.2 Y 212.95 108.46 42.19 37.62 2.23 123.61 3.62 0.00 0.000
PMT Cabling 103.5 Y 29.83 1.47 3.31 3.15 0.65 33.14 2.65 1.43 0.000
TPC PTFE 184.0 N 0.02 0.02 0.03 0.03 0.00 0.12 22.54 0.06 0.008
Grid Wires 0.75 N 1.20 0.27 0.33 0.49 1.60 0.40 0.02 0.00 0.000

Grid Holders 62.2 Y 1.20 0.27 0.33 0.49 1.60 0.40 6.33 0.27 0.002
Field Shaping Rings 91.6 Y 5.41 0.09 0.28 0.23 0.00 0.54 10.83 0.23 0.004

TPC Sensors 0.90 Y 21.09 13.51 22.89 14.15 0.50 26.29 24.77 0.01 0.002
TPC Thermometers 0.06 Y 335.50 90.46 38.48 25.02 7.26 3,359 1.49 0.05 0.000

Xe Recirculation Tubing 15.1 Y 0.79 0.18 0.23 0.33 1.05 0.30 0.64 0.00 0.000
HV Conduits and Cables 137.7 Y 1.9 2.0 0.5 0.6 1.4 1.2 4.9 0.04 0.001
HX and PMT Conduits 199.6 Y 1.25 0.40 2.59 0.66 1.24 1.47 5.33 0.06 0.001

Cryostat Vessel 2406.1 N 1.59 0.11 0.29 0.25 0.07 0.56 123.70 0.63 0.013
Cryostat Seals 33.7 Y 73.91 26.22 3.22 4.24 10.03 69.12 38.78 0.45 0.002

Cryostat Insulation 23.8 Y 18.91 18.91 3.45 3.45 1.97 51.65 69.83 0.43 0.007
Cryostat Teflon Liner 26.0 N 0.02 0.02 0.03 0.03 0.00 0.12 3.18 0.00 0.000
Outer Detector Tanks 3199.3 Y 0.16 0.39 0.02 0.06 0.04 5.36 77.96 0.45 0.001

Liquid Scintillator 17640.3 Y 0.01 0.01 0.01 0.01 0.00 0.00 14.28 0.03 0.000
Outer Detector PMTs 204.7 Y 570 470 395 388 0.00 534 7,587 0.01 0.000

Outer Detector PMT Supports 770.0 N 1.20 0.27 0.33 0.49 1.60 0.40 14.30 0.00 0.000
Subtotal (Detector Components) 6.20 0.070

222Rn (2.0 µBq/kg) 722 -
220Rn (0.1 µBq/kg) 122 -
natKr (0.015 ppt g/g) 24.5 -
natAr (0.45 ppb g/g) 2.47 -
210Bi (0.1 µBq/kg) 40.0 -

Laboratory and Cosmogenics 4.3 0.06
Fixed Surface Contamination 0.19 0.37

921 0.50

Physics Backgrounds
67 0

255 0
0 0**
0 0.21
0 0.05
0 0.46

Subtotal (Physics backgrounds) 322 0.72
1,240 1.22
6.22 0.61

Subtotal (Non-ν counts)

Astrophysical ν counts (Hep)
Astrophysical ν counts (8B)

6.82

Astrophysical ν counts (diffuse supernova)

136Xe 2νββ
Astrophysical ν counts (pp+7Be+13N)

Total (with 99.5% ER discrimination, 50% NR efficiency)
Total

Astrophysical ν counts (atmospheric)

My summary of the summary table 6 ER, 0.6 NR 
in 1000 days!
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My summary of the summary table 6 ER, 0.6 NR 
in 1000 days!

• Lots of neutrinos - significant fraction of both ER and NR 
counts

• Discrimination cuts are important



Sensitivity projectionsPerformance Drivers
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• 5.8 keVnr S1 threshold (4.5 keVnr LUX) 

• 0.31 kV/cm drift field, 99.5% ER/NR disc. 
(already surpassed in LUX at 0.2 kV/cm)

• ~6 keVnr threshold in baseline scenario (LUX achieved 4.5 keVnr)

• Driven by S1 trigger coincidence threshold

• Better than 99.5% ER/NR discrimination at this field



Sensitivity projections (1000 days)

]2 [GeV/cχm
10 210 310

) [
pb

]
SI

σ(
10

lo
g

-14

-13

-12

-11

-10

-9

-8

-7

-6

-5

-4

-3

scattering
-N coherentν

LUX (2015)

LUX 332d (2016)

PandaX-II (2016)

Zeplin-III (2011)

1 event

1000 Tonne-years
 significance
σ

-N coherent, 3
ν

LZ projected
90% CL Median CDR
90% CL Median (Baseline)

 expectedσ 1±
 expectedσ 2±

90% CL Median (Goal)

σCMSSM 1
σCMSSM 2

]2
[c

m

-5010

-4910

-4810

-4710

-4610

-4510

-4410

-4310

-4210

-4110

-4010

-3910

~7 8B 
events

~700 8B 
events

@40 GeV: 2.3e-48 Nominal
1.1e-48 Goal



WIMP signal region

40	GeV WIMP
1σ

2σ



CD3 IPR at LBNL, January 10-12, 2017J. Dobson -- Sims. and Sensitivity

Discovery potential 

21

CD-2 3ḙ and 5ḙ significance are conservative: obtained using cut and count, with 50% 
NR acceptance, and 99.7% discrimination. Switch to PLR for discovery potential soon.

3ḙ significance, ḙSI = 6x10-48 

cm2, 90% CL, ḙSI = 2.3x10-48 cm2

90% CL sensitivity about x10 
better than XENON1T

3ḙ discovery

Sensitivity projections (1000 days)



Schedule

• Competition is fierce!

• XENON1T already buying up PMTs and xenon to go to 
XENONnT 

• Infrastructure in place - update of TPC and cryostat 

• XENON1T done in November, 2018, XENONnT 
physics start in July, 2019, as of talk in August

• PandaX back in the race as well

• We want to get there first

• Did I mention LZ was a DOE project?



Schedule

• CD1 in April, 2015

• a million internal reviews (Preliminary)

• CD2 in August, 2016

• a million internal reviews (Final)

• CD3 in February, 2017

• We can start construction! 

• If the US can pass a budget

• Current plan has us taking data in early 2020

• Trying hard to advance that

(after a bunch of internal reviews)
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• a million internal reviews (Preliminary)

• CD2 in August, 2016

• a million internal reviews (Final)

• CD3 in February, 2017

• We can start construction! 

• Also some more DOE reviews (status reviews?)

• Current plan has us taking data in early 2020

• Trying hard to advance that

Schedule

(after a bunch of internal reviews)



Schedule

• CD1 in April, 2015

• a million internal reviews (Preliminary)

• CD2 in August, 2016

• a million internal reviews (Final)

• CD3 in February, 2017

• We can start construction! 

• Also some more DOE reviews (status reviews?)

• Current plan has us taking real data in early 2020

• Trying hard to advance that

(after a bunch of internal reviews)



Summary
• Dark matter is one of the most interesting topics in 

particle physics

• Rapid progress in last two decades

• Liquid xenon TPCs are a good technology in the search 
(although not the only one)

• Understanding of LXe is much better than it was 10 
years ago

• LZ is poised to achieve a factor x40 more sensitivity than 
current best limits

• Competition is fierce so we’re moving as fast as we can!



1 10 100 1000 104
10!50
10!49
10!48
10!47
10!46
10!45
10!44
10!43
10!42
10!41
10!40
10!39

10!14
10!13
10!12
10!11
10!10
10!9
10!8
10!7
10!6
10!5
10!4
10!3

WIMP Mass !GeV"c2#

W
IM
P!
nu
cl
eo
n
cr
os
ss
ec
tio
n
!cm2 #

W
IM
P!
nu
cl
eo
n
cr
os
ss
ec
tio
n
!pb#

8B
Neutrinos

Atmospheric and DSNB Neutrinos

CDMS II Ge  (2009)

Xenon100 (2012)

CRESST

CoGeNT
(2012)

CDMS Si
(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

ZEPLIN-III (2012)COUPP (2012)

SuperCDMS Soudan Low Threshold
XENON 10 S2 (2013)

CDMS-II Ge Low Threshold (2011)

SuperCDMS Soudan

Xenon1T

LZ

LUX (2013)

DarkSide G2

DarkSide 50

DEAP3600

PICO250-CF3I

PICO
250-C3F8

7Be
Neutrinos

  NEUTRINO C OHER ENT SCATTERING 
 

 
 

 
  

 
NEUTRINO COHERENT SCATTERING

CDMSlite

(2013)

SuperCDMS SNOLABLUX 300-day

SuperCDMS  SNOLAB



End



Dark Matter, Sept 2007 Rick Gaitskell, Brown University, DOE

DM Direct Search Progress Over Time (2012)

    ~1 event kg-1 day-1       

   ~1 event 1 tonne-1 yr-1      

(Gross Masses kg)

LZ 7t!=2 10-48

Plot does 
not track 
low mass 
WIMPs 
10 GeV

Many of 
current 
projections 
omitted from 
this plot
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Some LXe physics

Slide C. Ghag  !  University College London  !  24 April 2014

Principle of detection: dual phase xenon TPC

22

Chapter 4. The ZEPLIN–III Experiment

Figure 4.7: Flowchart of the two processes creating a primary scintillation signal in
an elastic recoil in liquid xenon. In the primary interaction both excited and ionised
Xe atoms are created. The two branches produce, in their final stages, excited dimer
states responsible for the typical scintillation light of the noble gas (� = 178 nm).
Transparency of the medium to its own scintillation light, i.e. the energy of the emitted
photons is less than the energy di↵erence between the ground state (of the two separated
atoms) and the first atomic excited state, ensures good light collection.

regions without the need for any physical barriers. Comprehensive overviews of the

properties of liquid xenon and its utilisation in noble gas detectors are given in Refs. [72,

83].

4.2.1 The primary scintillation signal

The scintillation light produced in a particle interaction within the liquid xenon is

attributed to two separate processes involving excited atoms and ions. A flow chart of

the individual processes, both resulting in the production of VUV scintillation photons

and their interconnection, is shown in Fig. 4.7 [126, 127].

Firstly, direct excitation takes place resulting in excitation luminescence by the

de-excitation of singlet and triplet states of the created excimer Xe⇤2, see Eq. (4.3).

The transition of the excited states occurs at short interatomic distance, where the

ground state potential is repulsive and the molecule becomes dissociated. The two

possible de-excitations from the lowest electronic excited states are quite di↵erent in

their characteristic decay time due to the forbidden direct transition of the triplet to

the ground state. The latter becomes possible through spin-orbital coupling and the

52

✤ Primary scintillation (S1) and secondary ionization  
signal from electroluminescence (S2)!

✤ 3D position (mm resolution)!

✤ S2/S1 particle discrimination!

✤ Recoil energy correlated to S1 and S2!

✤ Powerful Xe self-shielding

E. Aprile et al., Phys. Rev. Lett. 97, 081302 (2006)

For 122 keV ER, 56 keV NR
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CD3 IPR at LBNL, January 10-12, 2017J. Dobson -- Sims. and Sensitivity

PLR (Profile Likelihood Ratio)
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● Simple fiducial of 5600 kg (X,Y,Z position info not yet implemented in PLR)

● Dominant ER: Rn, Kr, pp-neutrinos spatially uniform like signal

ER Background x5
LZ exposure x5

ER

NR Signal, 40 GeV WIMP



By that same 
consensus, we only 
understand 5% of it

There is pretty strong 
consensus regarding how 
much stuff there is in the 
universe



Dark matter - evidence?

• Galaxy rotation curves

• Galaxy clusters

• Gravitational lensing

• Large Scale Structure

• Cosmic microwave 
background



So what is it?

• We know it interacts gravitationally

• It is “dark” - should not interact with light or 
electromagnetism

• Nearly collisionless

• Slow

Axions

MACHOs

Champs

WIMPs, WIMPzillas,
 Light WIMPS

Kaluza-Klein particles

Many more



So what is it?

• We know it interacts gravitationally

• It is “dark” - should not interact with light or 
electromagnetism

• Nearly collisionless

• Slow

Beyond the Standard Model!



WIMPs

• Most discussed candidate is Weakly Interacting Massive Particle

• Produced during big bang

• Decouples from ordinary 
matter as the universe 
expands and cools

• Still around today with 
densities of about a few per 
liter

• Supersymmetry produces a theoretical candidate (LSP), but others 
exist (e.g. Kaluza-Klein particles, ...)



WIMPs not necessarily related to  
supersymmetry

• Dark sector could be as complicated as standard model 

• Searches not limited by expectations from SUSY models

LM6,N$*&#$4-2$4#1#??*&();$/&-'$NJNO$

Dark Sector!$$

784214(%&#*+%,#-(*%)$#$()%40+(45%/0$"%

#$%4(#)$%)',(%'9%$"(,%:(0;<%4'/%,#))!$ $Mp ! 1 GeV $
$Standard Model!$$$$$$
$ $ $$$

J454-P4$1-9:)(4.$+#2P##4$N6$*4Q$06$

!"#&#$(?$4-$&#*?-4$P";$Q*&5$'*7#&$?"-9)Q4R2$+#$*?$1-':)(1*2#Q$*?$4-&'*)$'*7#&$
$
N#*&1"#?$?"-9)Q4R2$+#$)('(2#Q$+;$#S:#12*3-4?$/&-'$NJNO$'-Q#)?$
$
IS:)-&#$*?$/*&$*?$P#$1*4$(4$+-2"$LM6,$'*??$*4Q$LM6,F491)#-4$1&-??$?#13-4$



How do we find it?

Fermi-LAT gamma ray excess at center of galaxy
Daylan, Hooper et al., 1402.6703

• Indirect - detect annihilation products from regions of high density 
like the sun or the center of the galaxy

• Accelerators - create a WIMP at the LHC

• Missing ET and monojet searches

• Direct detection - WIMPs can scatter elastically with nuclei and the 
recoil can be detected 
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FIG. 9: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

of the Galactic Plane, while values greater than one are
preferentially extended perpendicular to the plane. In
each case, the profile slope averaged over all orientations
is taken to be � = 1.3 (left) and 1.2 (right). From this
figure, it is clear that the gamma-ray excess prefers to
be fit by an approximately spherically symmetric distri-
bution, and disfavors any axis ratio which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galactic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
tic Plane, but along any arbitrary orientation. Again,
we find that that the quality of the fit worsens if the the
template is significantly elongated either along or per-
pendicular to the direction of the Galactic Plane. A mild
statistical preference is found, however, for a morphology
with an axis ratio of ⇠1.3-1.4 elongated along an axis ro-
tated ⇠35� counterclockwise from the Galactic Plane in
galactic coordinates (a similar preference was also found
in our Inner Galaxy analysis). While this may be a statis-



How do we find it?
• Indirect - detect annihilation products from regions of high density 

like the sun or the center of the galaxy

• Accelerators - create a WIMP at the LHC

• Missing ET and mono-X searches

• Direct detection - WIMPs can scatter elastically with nuclei and the 
recoil can be detected 
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How do we find it?
• Indirect - detect annihilation products from regions of high density 

like the sun or the center of the galaxy

• Accelerators - create a WIMP at the LHC

• Missing ET and mono-X searches

• Direct detection - WIMPs can scatter elastically with nuclei and the 
recoil can be detected 


